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Abstract
Hassan Ahmed J. M.S.Egr., Department of Mechanical and Materials Engineering, Wright State
University, 2010. Ab Initio Simulations of Graphene-based Nanosensor for Detecting NO2 and
Li

Nanosensors, i.e., sensors based on nanomaterials, have the potential of superior performance
owing to their size effect, and can have significant effects on detection of pollutants in the
environment. Various nanowires have been used in this context. Here we investigate the
possibility of NO2 and Li detection using the quantum conductance change in graphene
nanoribbon. Quantum conductance modification in graphene nanoribbon upon NO2/Li
adsorption was calculated using ab initio methods.
The optimized structures of the adsorbed NO2 indicated two different geometries where
either nitrogen or oxygen was closer to the graphene lattice. The former resulted in charge
transfer from NO2 to graphene, while the latter caused charge to be transferred in the reverse
direction. As for Li, the optimized adsorption location was at the zigzag edge and above the
center of a hexagon (hollow site). The charge transfer in the Li case was smaller compared to the
NO2 case.
The quantum conductance calculations for NO2 adsorption showed semiconductor-tometal transformation and gap modification for the two adsorption geometries. In the case of Li
adsorption, the gap remained almost the same as that of pristine graphene nanoribbon, however,
the pseudo-gap was widened upon Li adsorption.
These effects are detectable and explain the basis for nanosensor effect in graphene
nanoribbons, with superior sensitivity and selectivity.
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1. Introduction
1.1. Graphene and graphene nanoribbons

Graphene, a flat, monolayer, sp2 hybridized, tightly packed, two dimensional lattice carbon
arrangement, is the building block for all the other graphitic materials (Fig. 1).

Figure 1: Mother of all graphitic forms. Graphene is a 2D building material for carbon materials
of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes
or stacked into 3D graphite.1

Graphene can be fabricated to form other graphitic materials such as fullerence, nanotube
and graphite. It can be wrapped up into 0 dimensional fullerenes, rolled up in to 1 dimensional
nanotube or stacked up in to 3 dimensional graphite.1 Although the existence of graphene in
1

graphite and the graphitic materials was known for a long time, free standing monolayer
graphene was believed not exist because two dimensional crystals were thermodynamically
unstable1. Graphene was first developed as a theory to explain the properties of the other
graphitic dimensionality and then quantum electrodynamics model.22 For years, Graphene in
graphite has been studied for its excellent mechanical properties, however, it was only recently
that free standing monolayer graphene has experimentally been observed.22

Although the existence of graphene in other carbon materials has been known for long
time, graphene was thought to be unstable due of the formation of curved structure such as soot,
fullerenes and nanotubes. Hence free standing graphene was supposed not to exist and was
described as an academic material1. However, the theoretical model has suddenly changed into
reality when free standing graphene was unexpectedly discovered.1 Andre Geim and colleagues
isolated graphene from graphite in 2004 for the first time by separating a single layer of graphite
using mechanical exfoliation method, and thus graphene was born. Since its discovery from
graphite, a single layer graphene has attracted a lot of attention and it became one of the most
researched materials due to its unique electronic and structural properties, such as high electrical
conductivity, chemical and thermal stability, and mechanical strength.28 Such unique properties
suggest a wide-range of industrial applications for graphene-based materials such as adsorbents,
catalyst

supports,

thermal

transport

media,

structural

and

electronic

components,

batteries/capacitors, and even application in biotechnology.28

Graphene nanoribbons (GNRs), a dimensionally reduced quasi-one-dimensional
graphene2,

has attracted a lot of attention because of its unique electronic and transport

2

properties. Unlike graphene, the electrical properties of GNRs depend on the morphology of the
edges; zigzag or armchair. Zigzag is metallic while Armchair can either be metallic or
semiconductor22. Recent studies have demonstrated that the presence of edges in GNRs improve
their diffusion properties and reactivity towards lithium adsorption2 with respect to graphene.

1.2. Nanosensors and size effect

Many quasi-one-dimensional nanostructures, including GNRs, have been the subject of study for
nanosensors. Schematic representation of graphene nanoribbons based nanosensor is shown in
figure .2

Figure 2: Schematic representation of graphene nanosensor based nanosensor

Size effect is the one of the main reasons for the superior performance of the nanosensors over
the conventional bulk material-based sensors. The electronic properties of nanoribbons are
extremely sensitive to the adsorption of a small number of atoms/molecules because of the
change in their electrical conductivity with respect to that of pristine is clearly noticeable. As the
size of the sensor decrease, its sensitivity towards detecting adsorbed atoms or molecules
3

increases. Therefore, nanoribbon-based nanosensors can efficiently sense gas molecules in the
air even if their concentration is extremely low.

1.3. Nitrogen dioxide sensing

Nitrogen dioxide (NO2) is one of the highly reactive pollutant gases known as NOx. These
pollutant gases are formed from high temperature combustion of fossil fuels and the primary
sources of NO2 are the automobiles, coal-fired power plants and industrial boilers. Higher
concentration of NO2 in the atmosphere is known to cause some significant environmental and
health problems such as acid rain, fog and some respiratory problems such as asthma. Efforts are
taken to reduce the concentration of NO2 in the atmosphere by detecting and monitoring its
concentration. Many governments around the world have passed laws to limit the emission of
NO2 and the other pollutant gases such as SOx, CO, and CO2. Controlling the level of nitrogen
dioxide and the other pollutant gases in the atmosphere is critical for minimizing their negative
environmental and health effects. Therefore, it is very import to develop low coat, efficient
sensor devices that can be used to monitor NO2 concentration in the atmosphere.

Since the discovery of solid state gas sensors by Seiyama, several other groups have
taken steps to improve the sensing performance of gas sensors. Carbon nanotubes (CNTs) have
long been considered to be promising candidates for efficient gas sensing, because of their ability
to detect pollutant gases such as NO2, NH3, O2, H2, CO2, and CO14-15 in concentrations as
small as 1 part per billion (p p b) by measuring the changes of conductance upon adsorption of
the gas at room temperature.8 The ability of CNT-based gas sensors is due to their excellent
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electrical properties, small size, high surface to volume ratio, and their large adsorption
capacity.16 However, unlike graphene, CNTs have one dimensional structure, which require
some fabrications in order to use it with existing electronic devices.6

Graphene, a monolayer carbon structure densely packed honey comb lattice1-4 is one of
the most interesting materials for different applications. Due to its unique electrical and
mechanical properties graphene has attracted a lot of interest for potential wide range of
applications including nanoelaoectronics and nanosensors. Using graphene-based nanosensors to
detect NO2 and other pollutant toxic gases is a very interesting area of research in the solid state
gas sensor technology. Graphene has very high electron mobility at room termperature16.
Therefore, unlike other solid state sensors, graphene based gas sensors operate under
atmospheric pressure and room temperature.16 Another advantage of using graphene-based
nanoelectronics is their ability to control the type and density of charge carries by doping. When
atoms or molecules adsorb on the surface of graphene, they modify the magnetic and the
electronic properties of graphene which can be a basis for sensitive gas sensors.3

Like CNTs, graphene-based gas sensors are capable of detecting extremely small
concentration of toxic gases when they adsorb of the surface. Recently10 graphene based devices
for potential highly sensitive gas sensor applications have been investigated. It was demonstrated
that the increase of charge carrier concentration in graphene induced by the adsorbed gases can
be a basis for making highly sensitive gas sensors. The sensor operation principle is based on the
changes in the conductivity due to adsorbed gas on the surface of graphene which can donate or
withdraw electron from graphene. Extremely high sensitivity up to 1 p p b towards NH3, CO and

5

H2O was reported, and even higher sensitivity for sensing individual NO2 molecules was
sugusted.13 The increased sensitivity of graphene is due to two main factors: (1) since graphene
is two dimensional material, the whole surface is exposed to the surface adsorbates, and the
result is increases surface dopant effects, and (2) graphene is highly conductive and displays
metallic conductance even at zero carrier density.10,13

1.4. Lithium Ion Batteries

As the global energy consumption increases, the quest to solve global energy problems often
involves improving energy supply such as developing devices and material for storing and
producing energy. Lithium ion batteries, which have wide range of applications including, cell
phones, laptop computers, digit gal cameras, and recently transportation (specially hybrid cars)
are believed to be one of the environmentally friendly devices for energy storage.33 Lithium ion
batteries can use many different materials for cathode electrode material. However, the majority
of them use graphite as negative electrode material because of its low cost, low operating
potential, high capacity, high reversibility, and high structural and interfacial stability31 and high
columbic effeciency33. The use of graphite as a negative electrode for rechargeable
electrochemical systems was first discovered by Rudorff and Hoffman in 1938, and since then
many scientists have investigated them33. Despite those benefits, graphite has low theoretical
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specific lithium storage capacity, of 372 mAh g−1 24,33 because every six carbons can only store
one lithium atom (LiC6) and it is structurally unstable .

Lithium ion batteries for transportation systems, such as hybrid cars, are required to have
a higher energy density, faster charge/discharge rate and more durable cycling performance 28 .
Since the energy density and the performance of lithium ion batteries are largely controlled by
the properties of the cathode and the anode material21,a new negative electrode material with
higher lithium storage capacity, is important for efficient lithium ion batteries.

Carbon nanotubes have long being investigated for possible energy applications such as,
lithium ion batteries. Unlike graphene, their storage capacity is limited by their inability to store
lithium on both surfaces. Other substances, such as SN, Sb, Si, Ge, SnO2, and Co3O4, have been
suggested to have large lithium storage in reference to graphite. However, an anode based on
these materials has huge volume variation during charging/discharging process which would
ultimately result in poor reversibility22.

Recently, the lithium storage capacity of graphene has been found to be 540 mAh/g23,
which is significantly larger than that of graphite. The large storage capacity increase of
graphene with respect to graphite is due to the larger surface to volume ratio available in
graphene, higher conductivity, and its ability to store lithium on both sides of the surface. In
order to take advantage of the larger storage capacity of graphene for rechargeable lithium ion
batteries, understanding the interaction of lithium with graphene is important.

7

1.5. Outline of the current research

We have investigated the nanosensor effect in graphene nanoribbons exposed to NO2 and Li. The
optimized adsorption geometries were calculated using an accurate methodology capable of
treating both physisorption and chemisorptions. Subsequently, using ab initio quantum
mechanical simulations, the changes in conductance characteristics of GNRs upon NO2 and Li
adsorption were calculated. The results clearly show the sensitivity of GNR-based nanosensors
for detecting NO2. The Li case provides both insight to Li interaction with graphene and a
comparison basis to the cause of gas molecule detection.

8

2. Method
2.1. Computational material methods

Computational science has been one of the fastest growing areas in science in the modern
history. Over past four decades, fast and powerful computers which are capable of accurately
predicting the properties of molecules have been developed. Thanks to the quantum mechanical
theories, today, scientists can find the solution to problems that were not possible to solve few
years ago. Before the development of computers, if scientists produced nonlinear differential
equation that couldn’t be solved analytically they had to abandon the problem. However, only
few decades later, computers get faster, more accessible and whole new methods of problem
solving had emerged. Computers have become an important research tool which allows theorists
solve mathematical problems and deal with enormous data sets. Today, scientific computation is
at the same level with experiment and mathematical theory as a research tool in science and
engineering.

Due to the advancement of computing technologies, and thanks to quantum mechanical
theory, computers can solve theoretical materials science problems and calculate structural
parameters and properties of materials using quantum mechanical calculations. These theories
help scientists and engineers to model, understand and predict the interactions between atoms
and molecules on microscopic scale and provide fundamental understanding of, e.g., the energy
levels of atoms, covalent bonds, and the difference between metals and insulators.35 Quantum
mechanical based theoretical computation uses physical properties of the system to calculate the
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molecular properties of the system. This type of calculation is known as ab initio quantum
mechanical calculation .34

Computational methods in material modeling applications can be divided into three
categories; semi empirical, molecular mechanics, and ab initio. The main difference is that
different methods use different approximations to produce results with different levels of
accuracy. Hence, there is always a tradeoff between the level of accuracy and the computation
time.

Semi empirical methods use the same type of approach like ab initio with extremely
simplified Schrödinger equation. However, unlike the ab initio methods, some of the electronic
interactions are ignored. Another main difference between semi empirical methods and ab initio
based methods is that semi empirical methods replace some of the calculation parameters with
experimental data34. Because of the simplified approximations of the Schrödinger equation that
these methods use, the results are less accurate with respect to the ab anitio based methods but
much faster.

Molecular mechanics utilize classical physics with experimentally derived variables and
mathematical formulations to calculate system geometry and energy, instead of solving
Schrödinger equation.34 Hence, these methods are less accurate with respect to ab initio based
methods. However, Molecular mechanics is the simplest type of calculations and they are used in
situation where the systems are very large so more accurate methods are very expensive and time
consuming.
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Ab initio based methods utilized quantum theory to calculate the molecular properties.
These properties can be obtained from the total energy of the system by solving Schrödinger
equation,

,
where E is the energy of the system, ψ is the wave function, and Ĥ is the Hamiltonian operator
which contains kinetic and potential parts. Hence, by calculating the total energy of the system
any physical property that can be related to the total energy or the difference between energies
can be calculated computationally.35 Despite the theoretical and algorithmic advances in
computational material science and the development of powerful modeling tools in the past few
decades, it is totally impractical to numerically solve the total energy of a complex systems with
many electrons. Even systems with several molecules, regardless of how big and fast the
computational resources are, can be computationally formidable if extremely high accuracy
results are required. Therefore, the many-electron problem is usually reduced into one-electron
problem, and several approximations are employed for solving the Schrödinger equation for total
energy of the system.40

The first approximation is called the Born-Oppenheimer approximation. This
approximation is based on the idea that the nuclei is much heavier than the electrons (the mass of
proton is ~2000 times heavier than the mass of electron) and therefore travel at much slower
speed. Hence, this approximation assumes that the nucleus is stationery with respect to electrons
and consequently neglects the interactions between the nuclei and the electrons. The solution of
the Schrödinger obtained through this approximation leads to energy values that are dependent
on the relative nuclear coordinates and are known as the effective electronic energy. This
11

dependence of energy to the geometry of the system is referred as the potential energy surface of
the molecule. The geometry that is associated with lowest value of the effective potential is the
ground state of the molecule.34

The second approximation involves describing the wave function as the product of
electron (and spin) orbitals. The functions that describe these orbitals are called basis functions.
This formalism is called the linear combination of atomic orbitals. Once the functions that
describe the orbitals have been derived, the energy of the system is evaluated through the orbital
coefficients which define the energy of the system by using Hartree-Fock theory34.

Among many approximations that ab initio methods use to reduce the complexity of
systems with many electrons, density functional theory and Hartee Fock theory and are the two
most frequently used.

2.2. Density functional theory (DFT)

Density functional theory is a famous quantum mechanical modeling method used to investigate
the electronic ground state of many electron systems. This famous theory was developed by
Hohenberg and Kohn.

39

. This theory states that the total energy of many electron system

including correlation and exchange is function electron density and is minimum at the ground
state density even in the presence of external potential. The relationship between the total energy
(E) and electron density (ρ) is given below
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Since the density that minimizes the total energy is the ground density, the ground state energy
can be obtained:

If the electronic density, ρ is known, then the total energy can be decomposed in to several parts
as follows:

ρ
Where T (

ρ

is the kinetic energy,

coulomb repulsion energy,

ρ

ρ

ρ is the nuclear-electron interaction energy,

is nuclear-nuclear interaction energy, and

ρ

is the

is the exchange-

correlation energy.
ψ
To evaluate the kinetic energy term T, Kohn and Sham introduced a concept known as KohnSham orbitals which are eigenvectors of the Kohn- Sham equation:

Where εi is the energy of corresponding Kohn- Sham orbital, ϕi, and the density of N particle
system is as follows:

The total energy of the system can be re-written as:
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The kinetic energy term Ts, can expressed in terms of the Kohn – Sham orbital as following:
ψ
Vext is the external potential energy of electron-nuclei attraction term, vH is the coulomb or
Hartee energy is expressed as following:

EXC is the exchange correlation energy.
The Kohn – Sham equation can be obtained by varying the total energy of the system with
respect to some orbits which produces the Kohn- Sham potential:

The last term

, is the exchange correlation potential.

In the Kohn- Sham approaches of the density functional theory, the only unknowns are
the exchange correlation energy and the corresponding potential. The exchange correlation
energy is due to the many body interactions of electrons. There are different DFT based
approaches for approximating this term. The value of the correlation energy obtained through
DFT based approximation methods varies and depends on the specific method used. The most
frequently used methods are local density approximation (LDA) and generalized gradient
approximation (GGA). The local density approximation gives a fairly rough estimation for the
molecular system, because it assumes the density of the molecular system uniform throughout
the system.37 Although generally LDA has been very successful for predicting exchange
correlation energy of many electron body, it doesn’t describe the exchange correlation energies
of some systems such as energies in excited states and spin polarized magnetic systems. Since
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LDA is based on ground state density, it falls short to successfully estimate the energies of exited
systems such as band gaps in semiconductors and insulators due to underestimation37. LDA also
fails to predict the spin polarized exchange correlation of many magnetic systems due to its
overestimation of the binding energy.37 Due to the limitation of LDA to successfully predict the
correlation energies of some systems because of its assumption of uniform density of molecular
system throughout the system; and neglect of the dependence of the correlation energy to the
local electron density, other methods such as generalized gradient density (GGA) have been
introduced. GGA has successfully improved the prediction of the exchange correlation energy of
some systems such as spin polarized systems with respect to LDA. However, it has its own
deficiencies which lead to underbidding. Some of the systems that GGA fails to correctly
estimate their binding energies are: noble gas dimmers and N2 molecular structures40. Other DFT
based methods such as BLYP and the combinations of DFT methods with HF method have been
used to approximate the energy of many electron systems. BLYP improves the result of LDA
by including both local and nonlocal densities.

The advantage of using density functional theory is that the energy calculations are done
through the electron density which reduces the computation time significantly with respect to
wave based methods (HF, MPn).

2.3. Hartree-Fock (HF) Theory

The HF method40 is an approximate method for determining the ground state wave function and
subsequently the ground state energy of complex many electron systems. This method reduces
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the many electron wave function into antisymmetrized one electron molecular orbitals (Mos).
Then the wave function is disrobed using the linear combination of atomic orbitals as follows45,

Where χμi are atomic orbitals or basis function and Cμi are molecular orbital coefficients. The
MO coefficients, Cμi are evaluated through method known as a variation theorem. This theorem
assumes that the energy value of the exact wave function will always be less than any energy
determined from any approximate wave function. Therefore, Cμi is varied until the energy of the
system is minimized. This iterative process is called the self-consistent-field (SCF) theory45.

HF theory replaces the electron–electron repulsion by an average electrostatic field
created by the charge distribution of all the electrons and the additional exchange term keeping
electrons of same spin away from each other to obey the Pauli exclusion theory40. One of the
limitations of HF method is the lack of consideration of the electronic correlation. HF
calculations take into account the effect of electronic repulsion however; neglect (part of) the
electron-electron interactions. Several other methods including Møller–Plesset perturbation
(MPn, where n is the order of correction), have been developed to improve the accuracy of HF
method.

2.4. Møller–Plesset perturbation theory

Moller-Plesset perturbation (MPn) theory38 is one of several hybrid ab initio based methods
developed to improve the shortcomings of HF. These types of methods that improve the
accuracy of Hartree-Fock are known as post Hartree-Fock methods.

16

MPn theory is one of the more famous post Hartree-Fock methods and has several
different orders of n. However, second order (MP2), third order (MP3), and fourth order (MP4)
are most commonly used orders of this method. This method improves the HF method by
accounting the interactions between electrons which the HF method neglected by using a theory
referred as Rayleigh-Shrödinger perturbation theory. This theory is based on dividing the
Hamiltonian into two parts,

Where Ĥ0 is the Hamiltonian of the HF,

is a perturbation which is usually small. Then, the

wave function and the energy are expanded using power series,

where

and

are the energy and the wave function of the HF method. The first order (MP1)

energy of the MPn is the energy of HF method. Thus, the minimum order is the second order
energy has the form,

Other orders such as, third order MP3 and fourth order MP4 have been used but less frequently
due to the longer computational time involved45.

The accuracy level of MPn method is improved by the increasing the order of
perturbation (n). However, both the computational coast and time increase with increasing order.
Therefore, fifth order MP5 and higher orders are rarely attempted. The energy obtained through
17

this method is usually less than the total energy of the system depending on the type of system,
and converges towards the exact energy as the order increases. However, due to the higher
computational cost and time, the second order Møller–Plesset perturbation is the widely used
order. This method recovers ~ 80-90% of the correlation energy and therefore, is a fairly accurate
method for calculating the total energy of the system45.

The advantage of using wave based methods is that they give a fairly good qualitative
result and the level of accuracy increases as the size of the system decreases. Generally, these
methods eventually converge to the exact solution given that all the necessary approximations
made are sufficiently small. But one of the disadvantages for using these methods is that they
take long time to converge, and require large disk space and memory. The HF method, which is
the fastest, scales up to N4, where N is the number of basis set functions. Correlated calculations
take much longer time than HF. Therefore, there is always tradeoff between coast/time and
accuracy. Minimally correlated methods such as MP2 are usually used in calculations for large
molecules45.

Currently there are many different software programs such as GUASSIAN35 that use post
Hartree-Fock methods such as MP2. During this research, GAUSSIAN program was used to
obtain the optimized structures of NO2 and Li adsorbed on graphene via MP2 approach, and
DFT-based approach BLYP was used to calculate the electronic structures required for quantum
conductance calculations.

2.5. Conductance calculations

18

The program used to calculate the quantum conductance of lithium and nitrogen adsorbed on
armchair graphene nanoribbon is called TARABORD36. This program uses non–equilibrium
Green’s function to calculate the conductance of an open system that consists of a general finite
system such as a functional molecule that is attached on its left and right to two semi-infinite
contacts or electrodes. First step of the calculation is to obtain the necessary Hamiltonian and
overlap matrices. The transport calculation is independent of a particular electronic structure
calculations (ESC) procedure used to calculate the Hamiltonian and overlap matrices. The only
condition of the ESC is that the Hamiltonian and overlap matrices should be available in some
spatially localized basis. Ab initio based linear combination of atomic orpitals (LCAO) and tight
binding descriptions are some of the examples [36]. The infinite dimensional Green’s function
GS,D should satisfy

Where

and

are the infinite dimensional Hamiltonian and overlap matrices of left

(source) and right (drain) contacts and z is the complex energy. The Hamiltonian of one layer of
the left and right (source and drain ) contacts, and the Hamiltonians coupling one layer to its
right neighboring layer for the left and right contacts, the Hamiltonian of the middle system
sandwiched between the left and the right contacts, HM, and the corresponding overlap matrices,
are read by TARABORD as input data36. Once H and S are calculated then the Green’s function
of the molecular junction can be calculated as flows

Once the total Green’s function is calculated, then the local density of states (LDOS) can be
calculated at any position within the molecular junction 36.
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The conduction C (E, V) of the device is related to the transmission probability T (E, V)
by

where E is the carrier energy measured with respect to Fermi energy and V is bias potential

And

The current-voltage relation can be found

Where FS,D are the Fermi-Dirac distributions of the contacts.

2.6. Computational details

In this research, the computational methods used are divided into two parts, relaxation and the
conductance calculations. For the relaxation, we have used GUASSIAN program with a basis set
of 3-21G and MP2 method (a post Hartree-Fock method mentioned previously). The main reason
that we chose to use MP2 method instead of DFT method is level of accuracy of MP2 with
respect to the DFT based method, especially in the case of physisorption which is important in
treating NO2 and Li adsorption on graphene.
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For the relaxation process, GAUSIAN program with MP2 method has been used to relax a
pristine graphene patch. Then adsorption geometry was obtained by minimizing the overall
energy of the system and then graphene-NO2 /graphene-Li was relaxed. The relaxed graphene
patch was then embedded within an armchair graphene nanoribbon. For conduction calculations
we have used TARABORD36, a program that calculates the quantum transport properties of
contact molecule contact system. It uses the electronic structure data from GAUSSIAN 3-21GBLYP output of the armchair nanoribbons to calculate the conductance.

21

3. Results and Discussions
In this section we discues the adsorption of nitrogen dioxide and lithium on graphene patch,
embedding the optimized structures within graphene nanoribbon (GNR), and calculation of the
conductance.

3.1 Nitrogen dioxide (NO2) sensing on graphene nanoribbons
3.1.1 Finding the adsorption geometry

The adsorption characteristics of NO2 on graphene were investigated by first performing several
steps of energy calculations without relaxation of the structure. First a pristine hydrogen
terminated graphene patch was completely relaxed using GAUSSIAN program and MP2 method
with 3-21G basis set. Then the adsorption equilibrium distance between NO2 and graphene
surface, where the system (NO2-graphene) is the most stable, was estimated by varying the
distance between NO2 and graphene until the total energy of the system is minimized. Using the
estimated equilibrium distance found, NO2 molecule with different arragngements, one parralel
and one prependucular to graphene surface, were placed on three different adsorption locations
of a completely rexaled hydrogen terminated graphene patch. These were center of hexagon ring
(hollow), on the top of carbon atom (atom) and on top of the center of a C–C bond (bridge).
Subsequently the system was fully relaxed using the MP2 method previously mentioned in
Chapter 2.
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Both the initial and final configuations of nitrogen dioxide at theree different adsorption
sites (atom, bridge, and hollow) are shown in Figs. 3 through 6. The variation of energy with the
distance between graphene and NO2 is shown in Figure 7.

Figure 3: Initial top view configurations of graphene NO2 parallel (a-c) and NO2 perpendicular
(d-f)

Figure 4: initial side view configurations of graphene NO2 parallel (a-c) and NO2 perpendicular
(d-f)
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Figure 5: Top view configurations of final relaxation results for graphene patch with initial NO2
parallel (a-c) and initial NO2 perpendicular (d-f)

Figure 6: Side view configurations of final relaxation results for graphene with initial NO2
parallel (a-c) and initial NO2 perpendicular (d-f)
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Figure 7: Variation energy with the distance between graphene and nitrogen dioxide.
The initial configurations depicted in Figs. 3 and 4 are arranged based on the single-point
energy results depicted in Fig. 7. As can be seen from Figs. 3 and 4, the NO2 molecule is placed
on top of a (relaxed) hydrogen-terminated graphene patch. MP2 relaxation results in the
configurations depicted in Figs. 5 and 6. We distinguish two different relaxed structures in Fig.
6: ―O-down‖ (a-c) and ―N-down‖ (d-f).

To understand the interactions between NO2 and graphene, two different configurations
of nitrogen dioxide including one that is parallel and one that is prependicular to the graphene
surface were placed on graphene patch. When the two different configurations of nitrogen
dioxide on graphene patch relaxed, they resulted in two configurations of nitrogen dioxide on a
graphene patch that are different from the initial configurations. The parallel And the
perpendicular configurationshave produced a two graphene-nitrogen dioxide systems which one
of the oxygen atoms is closer to the graphene surface and one where nitrogen atom is closer to
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the graphene surface .Thus, the two relaxed structures are referred as either O-down or N-down
depending on which atom is closer to graphene surface. The optimized structures are then used to
set up the quantum conductance calculations.

3.1.2. Conductance calculation nitrogen dioxide nanosensor

Here we chose an armchair graphene nanoribbon (GNR) to calculate the sensor effect. Some
recent experimental [44] and theoretical [43] calculations have suggested that armchair GNRs
are semiconductor and their energy gap scales inversely with the GNRs width.

After relaxation of nitrogen dioxide on graphene patch, the relaxed graphene patch was
embedded into a graphene nanribbon. The resulting N-down and O-down nanosensor systems
are shown in Figs. 8 are 9, respectively.

Figure 8: Top and side views of the armchair graphene nanaoribbon system resulting from the
embedding of the relaxed N-down nitrogen dioxide into pristine armchair nanoribbon.
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Figure 9: Top and side view of the armchair graphene nanaoribbon system resulting from the
embedding of the relaxed O-down nitrogen dioxide into pristine armchair graphene nanoribbon.
The charge of the four nearest neighboring carbon atoms (see Fig. 8) of the NO2 molecule
on a deformed graphene nanoribbon, with and without adsorbed nitrogen dioxide, for both
configurations are compared to see if there is charge transfer between NO2 and graphene. The
results are included in Table1.

Table 1: Charge on the four nearest neighboring carbon atoms around NO2 molecule.
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As NO2 molecule is adsorbed on armchair graphene nanoribbon, graphene is deformed
especially the carbon atoms which are nearest to the adsorbed NO2 molecule. According to
Table1, although lattice deformation alone (without the adsorbed molecule) causes charge
redistribution (Columns 2 and 3 in Table 1), the main charge redistribution/transfer happens
upon including both the lattice deformation and the adsorbed molecule (Columns 4 and 5). From
Table 1 it is observed that the N-down case results in a net charge transfer of 0.012 e from NO2
to graphene, while the O-down case results in a net charge transfer of 0.036 e from graphene to
NO2. The latter (O-down) case is in agreement with Refs.

7,10

, where charge transfer from

graphene surface to NO2 was observed. The former (N-down) case, however, predicts charge
transfer from NO2 to graphene. This is attributed to the fact that nitrogen is closer to graphene
lattice rather than oxygen.

The conductance of armchair nanoribbon was calculated using the method previously
mentioned in Chapter two. The conductance vs. carrier energy is plotted in Figs. 10-11 to
investigate the effect of nitrogen adsorption on the electronic transport properties of armchair
graphene nanoribbon for potential gas sensing applications. The corresponding densities of states
(DOS) curves are depicted in Figs. 12-13.
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Figure 10: Quantum conductance of pristine and deformed graphene nanoribbons for two
different NO2 geometries but without the adsorbed molecule. Fermi energy is shifted to zero.

Figure 11: Quantum conductance of O-down and N-down adsorption geometries including both
the NO2 molecules and deformed graphene nanoribbons. Fermi energy is shifted to zero.
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Figure 12: Density of states of pristine and deformed graphene nanoribbons for two different
NO2 geometries but without the adsorbed molecule. The Fermi energy is shifted to zero.

Figure 13: Density of states of O-down and N-down adsorption geometries including both the
NO2 molecules and deformed graphene nanoribbons. The Fermi energy is shifted to zero.
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As mentioned previously, armchair graphene nanoribbon is semiconducting with a gap at
Fermi energy. According our conduction calculations, when NO2 molecule is adsorbed on
graphene nanoribbon, the electronic conductance of armchair graphene nanoribbon is modified.
To understand the source of band gap modification we have compared the quantum conductance
of pristine nanoribbon with deformed armchair nanoribbon but without adsorbed NO2 in Fig. 10.
It is observed that deformation alone does not modify the transport properties significantly
around the Fermi energy, and only causes the gap to widen a little.

Including both the deformed lattice and the adsorbed NO2 (Fig. 11), however, results in
more significant, and detectable, changes in transport properties. The conductance curves in Fig.
11 indicates that for the O-down case, the gap is modified with respect to pristine graphene
nanoribbon due to the acceptor behavior of NO2. The band gap modification of graphene
nanoribbon upon adsorption NO2 is also reported in previous work 7. According to Fig. 11, the
adsorption of NO2 in the N-down configuration transforms the graphene nanoribbons from
semiconductor to metal. Both of these effects, i.e., gap widening (O-down case) and
semiconductor-to-metal transition (N-down case) can be used to sensor performance, however,
the latter is more drastic and more easily detectable.

To confirm the transformation process, density of states curves of different cases
(deformed graphene nanoribbon, O-down, and N-down) were plotted in Figs. 12-13. Density of
states calculations show that for the NO2 molecules adsorbed as N-down, there are electronic
states available at Fermi energy, and the system is therefore a metal. In all other cases, however,
no state is available at Fermi energy, and the systems are semiconductor.
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3.2. Lithium adsorption on graphene nanoribbons

The interactions of lithium and graphene based materials have been under investigation in the
past few decades due their potential application of graphite as the negative electrode in
rechargeable lithium ion batteries and hydrogen storage. The interaction mechanism of lithium
and graphene is not completely understood and still controversial. However, it is generally
excepted that when lithium is adsorbed on graphene-based materials, the top of the center of
hexagonal ring (hollow site) is energetically most favored

23-27

, the interaction is expected to be

mostly ionic with charge transfer from lithium to graphene surface 25-26. Diffusion route from one
hollow site to another is over C-C bond in the hexagonal ring (bridge site)
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. The diffusion

barrier is small along the bridge site compared to the top of the carbon atom (top site). Therefore,
the lithium atom prefers to diffuse along the bridge site.

3.2.1. Finding the adsorption geometry

We investigated the adsorption characteristics of lithium on graphene by first performing several
steps of energy calculations. First a pristine graphene patch was completely relaxed using
GAUSSIAN program and MP2 method with 3-21G basis set. Then the adsorption equilibrium
distance between lithium and graphene surface where the system (lithium-graphene) was the
most stable was estimated by varying the graphene–lithium distance until the total energy of the
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system is minimized. The results are depicted in Fig. 14. Using the estimated equilibrium
distance, lithium was placed oat three different adsorption sites: above the center of hexagon ring
(hollow site), on the top of a carbon atom (atom site) andabove the center of a C–C bond (bridge
site). Using each of these initial configurations, the system was fully relaxed using the previously
reported MP2 method (Chapter 2).

Figure 14: Variation energy with the distance between graphene and lithium for different Li
locations (hollow, bridge, and atom sites).

To find the equilibrium distance between lithium and graphene surface, the Li-graphene distance
was varied from 1.0 Å – 3.0 Å at each lithium adsorption position, and we estimated the Ligraphene distance for which the system energy was minimized. The energy of graphene–lithium
system is plotted against adsorption distance in Fig. 17 and the distance where the energy is
minimized is extracted for each configuration. Three different equilibrium distances were found
for the three positions: 1.9 Å for hollow, 2.10 Å for atom, and 2.10 Å for bridge.
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Once the equilibrium distances have been estimated by energy calculations (without geometry
optimization), lithium atom was placed at each adsorption site using the specific equilibrium
distance for that site as shown in Figs.15 and 16. In order to understand the interaction of lithium
and graphene and the edge effects on the adsorption, two different adsorption locations were
considered in this research. First, lithium was placed on the most central hexagon of the
graphene patch (Figs. 15 a-c). Then, one of the hexagons that are close to the edge was chosen as
the adsorption location (Figs. 15 d-f) These lithium-graphene structures were then fully relaxed.
For the cases where lithium was placed at the most central hexagon positions (atom, bridge, and
hollow), lithium atom diffused through the lattice from initial position to a final position as
shown in Figs. 217 and 18. For hollow and atom positions, the diffusion direction was the same
and they ended up approximately at the same hollow site. For the initial bridge site, however, the
diffusion direction was opposite of the other cases but ended up at a hollow position similar to
that of the other two cases.
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Figure 15: Top views of the initial center (a-c) and edge (d-f) configurations of lithium-graphene
system all three adsorption locations (atom, hollow, and bridge). c and f seem to be identical
from this angle, however, their Li-graphene distances are different.

Figure 16: Side views of the initial structures depicted in Fig. 15.

Figure 17: Top views of the final (relaxed) configurations for the initial center (a-d) and edge (df) structures of lithium-graphene system, for the three initial adsorption locations shown in Fig.
15.
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Figure 18: Side views of the relaxed structures depicted in Fig. 17.

When lithium was placed at the different central adsoption sites demostrated in Fig. 15
(a-c), upon relaxation the lithium atom moved towards the zigzag edges of the ribbon and
optimaztion jobs failed to converge. Also graphene lattice was severely deformed, especially the
neighboring atoms around the final location of lithium atom (Fig. 18 a-c).

The previous calculations were then repeated but this time lithium was placed at one of
the edge hexagons and initial Li-graphene distance was set to 2.0 Å for three locations as
demosntrated in Figs. 15 (d-f). For the ―atom‖ site, relaxation moved the lithium out of the
graphene plane so it was not consideredred for electronic structure calculations. For ―hollow‖
site, lithium atom did not move from initial position even after the structure was relaxed and no
lattice distortion was observed. For ―bridge‖ position, upon relaxation, lithium atom was moved
to the top of the center of the adjacent hexagon at the edge, where lithium at the hollow site
occupied, and again no lattice distortion was observed.
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Two interesting conclusion can be drawn from these results. First, the most favarable
adsorption site for lithium on graphene is the hollow site and the lithium diffusion is faster
towards the zigzag edge. The first conclusion is well accepted concerning lithium adsorption
phonomonon 23-27. The second finding also agrees with previous observation 18.

Since the final positions of lithium atom that initially was located at the bridge and hollow
locations are similar, only the final structure where lithium occupies the hollow site was
considered for electronic structure calculations.

3.2.2 Conductance of lithium adsorbed armchair nanoribbon

After relaxation of lithium on graphene patch, the relaxed structute was embedded into an
armchair nanoribbon as shown in Fig. 19, with multiples of similar repeating units to resemble a
sensor device. For conductance calculations of the armchair nanoribbon has been devided in to
four parts: left redendent, right redendet, left junction, right junction. The left and the right
redundant parts are neglected to avoid the effects of the edges and the left and right junctions are
the repeating units of a large infinitely long ribbon. Same procedure has also been followed for
the conductance calculations of the nitrogen dioxide nanosensor, using TARABORD program,
as described in Chapter 2..
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Figure 19: Top and side views of the graphene nanoribbon considered for the conductance
calculation of the Li-GNR system.

In order to investigate the effect lithium adsorption on the conductance of armchair graphene
nanoribbon, the charges of the six nearest neighboring carbon atoms to the adsorbed lithium are
compared with pristine armchair nanoribbon. The results are summarized in Table 2. It is clear
that upon Li adsorption, charge redistribution happens within the graphene lattice.
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Table 2: Charges on the six nearest neighboring carbon atoms to the lithium.

The quantum conductance of lithium adsorbed armchair and pristine graphene nanoribbon were
calculated using the computational method presented in Chapter 2. The results are presented in
Fig. 20. The quantum conductance values are in units of 2e2/h where h is the Planck’s constant
and e is the (absolute value of) electron charge.
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Figure 20: Quantum conductance of pristine and lithium-adsorbed graphene nanoribbons. Fermi
energy is shifted to zero.

The quantum conductance calculations show that the band gap of armchair graphene nanoribbon
remains almost the same after adsorption of lithium. However, upon lithium adsorption, the
pseudo-gap (jump from one unit conduction to two units) is widened as shown in Fig. 20. The
density of states (DOS) of lithium adsorbed graphene nanoribbon, plotted in Fig. 21 , also agree
with this observation.
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Figure 21: Density of states (DOS) of pristine and lithium adsorbed graphene nanoribbons. The
Fermi energy is shifted to zero.

The DOS curves show no state at Fermi energy. Therefore both structures are semiconducting.
However, the change in the pseudo-gap in Fig. 20 is in agreement with the conductance curves
depicted in Figs. 21.
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4. Conclusions
We have investigated the effects of nitrogen dioxide and lithium adsorption on the conductivity
of graphene nanoribbon.

For nitrogen dioxide adsorption on graphene nanoribbon we have considered two
different configurations of nitrogen dioxide molecule; parallel and perpendicular to the graphene
surface. These resulted in two different adsorption orientations, ―O-down‖ and ―N-down‖, upon
structure optimization. As for lithium, we considered two adsorption locations, edge- and the
central-hexagons of a graphene patch. In case, three adsorption sites, atom, bridge, and hollow,
were considered.

We found that the conductivity of graphene nanoribbons is modified upon adsorption of
nitrogen dioxide but the effect is different for the two adsorption geometries. When the adsorbed
nitrogen molecule is in N-down orientation, graphene nanoribbon is transformed from
semiconductor to metal. However, when the molecule is in O-down orientation there is no such
transformation, but the gap modification effect is still detectable. The change in conductivity of
graphene nanoribbon upon adsorption of nitrogen dioxide is caused by three different factors:
charge transfer, lattice deformation, and chemical bond. Because of these factors, the
conductivity of graphene nanoribbons is sensitive towards adsorbed molecules even in small
concentratons. This sensitivity could be basis for efficient graphene nanoribbon based gas
sensors.
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For the lithium case, the relaxation results show lithium adsorption at the zigzag edge and
the hollow site. The effect of the conductivity change by lithium adsorption is small compared to
nitrogen dioxide. One possible reason is that nitrogen dioxide deform the graphene lattice more
than the luithium case, and more electrons are transferred.
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5. Presentation
Part of this research was presented at the March 2011 Meeting of American Physical Society
(APS) in Dallas, Texas:

―Effects of NO2 physisorption and chemisorption on the conduction of graphene nanoribbons‖
Hassan, Ahmed; Knick, Cory; Farajian, Amir
American Physical Society, APS March Meeting 2011, March 21-25, 2011, abstract #S1.107
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